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e B A Spreadsheet for Estimating Soil

S S e Water Characteristic Curves (SWCC)
By Ghada Ellithy

PURPOSE: SWCC can be measured in the lab; however, due to the cost, time, and high varia-
bility in the results, empirical equations were developed using multiple regression approaches on
databases consisting of a large number of measured SWCCs. The spreadsheet presented herein
utilizes different methods that use basic soil properties, such as grain size distribution and
Atterberg limits, to calculate the input parameters for van Genuchten and Fredlund and Xing
equations. These parameters are required by numerical models, such as SEEP/W, to perform
transient seepage analysis. The spreadsheet allows copying the generated curve data points as
well as an input into the numerical model. The spreadsheet calculates the SWCCs using seven
different methods for comparison. It also compares four closed form models, Gardner (1958),
Brooks and Corey (1964), van Genuchten (1980), and Fredlund and Xing (1994), given the
model parameters are known.

INTRODUCTION: A steady-state condition for a given seepage scenario indicates that input
and output quantities, such as soil hydraulic loading, gradient, and flow rate, remain unchanged
with time. When the hydraulic properties of the flow medium and the flow characteristics change
with time due to changing of hydraulic boundary conditions, river water level for example, it is
referred to as transient flow. Steady-state flow can occur in partially saturated soils, for example,
the flow above phreatic surface with constant boundary conditions, as shown in Figure 1.
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Figure 1. Cross section of unconfined steady-state seepage from EM 1110-2-1901.

Unsaturated flow often refers to flow through soils with negative pore pressures. This can occur
in unsaturated soils, where the pores are partially filled with water; however, soil can remain
saturated for some distance above the phreatic surface under negative pore pressures. Flow above
the phreatic surface through the saturated zone is also considered unsaturated flow.

The assumption that the flow has achieved a steady-state condition is usually conservative from
an engineering perspective. Steady-state analyses will normally result in the highest vertical
gradients, uplift pressures, flows, and pore pressures that the structures should experience.
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An appropriate use of transient analyses can include: validating the results of piezometer read-
ings during transient flooding events, estimating the time required for steady-state seepage
conditions to be achieved, and estimating the development of the uplift forces relative to the
hydrograph for the flood event. Tracy et al. (2014) stated that to conduct an accurate transient
analysis resulting in reliable output (pore pressures, flows, and hydraulic gradients), the project
analyzed would ideally have these characteristics:

Sandy or non-plastic material as opposed to plastic material such as clayey soils
Homogeneous soils with well-defined soil properties

Accurate pre-event hydrograph

Well-known initial conditions (initial water content and matric suction)

Well-defined hydraulic boundary conditions (initial and final)

Previous calibration of pore pressures and gradient to hydrographs and soil properties from
installed instrumentation

To perform a transient seepage analysis using modeling programs like SEEP/W (Geo-Slope
2012), it is required to provide the following properties for the modeled soil: the saturated
hydraulic conductivity, the soil water characteristic curve (SWCC), the hydraulic conductivity
function, and the coefficient of volumetric compressibility, m,.

The Soil Water Characteristic Curve (SWCC). The SWCC, also known as volumetric
water content function, soil moisture retention curve, and storage function, among other names,
describes the constitutive relationship between matric suction (), and the water content of
unsaturated soils. The SWCC has been identified as the key soil information required for the
analysis of seepage, stability, and volume change problems involving unsaturated soils.
Typically, the water content in the SWCC is represented by volumetric water content (VWC or
0). In unsaturated soils where the voids are filled with both water and air, the SWCC describes
the volume of the voids that remain filled with water as the soil drains.

The matric suction () in unsaturated soil is the difference between pore air pressure (u,) and
pore water pressure (uy), Equation 1.

W=u,—u, (1)

The VWC () is the ratio of water volume to total volume of a soil sample. The VWC is different
from the gravimetric water content (w) that is normally used in geotechnical practice, which equals
the ratio of the weight of water to the weight of solids in a soil sample. The VWC equals the
porosity of the soil sample, when the sample is fully saturated or S is equal to 1.0, Equation 2.

0=nS (2)

where, 7 is the porosity and S is the degree of saturation. The VWC at full saturation is denoted as
6. This can still be the case when the soil is under low suction. The SWCC shows a hysteretic
behavior depending on whether the soil is draining (desorption) or wetting (adsorption), as shown
in Figure 2. Typically, in current analytical tools, one SWCC can be modeled for each soil.
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Figure 2. Example SWCC (Fredlund et al. 1994).

Depending on the case being analyzed, either the draining or the wetting curve is selected, or an

average curve can be used.

As shown on Figure 2, three main features define the shape of the SWCC (Geo-Slope 2012):

The air-entry value (AEV), which corresponds to the suction value where the soil begins to

drain freely. The AEV, in turn, is influenced by the pore-size distribution within a soil. Soils
with large, uniformly shaped pores, like sands, have relatively low AEV, as water can easily
be removed under relatively small suction pressures as compared to the high suction values

required for silt or clay.

The residual water content (6,.), which is the volumetric water content of the soil where a

further increase in suction does not produce significant changes in water content.

The slope of the quasi-linear portion of the curve, which represents the rate at which the

volume of water stored within the soil changes with suction over a range of values from the
AEV to the suction corresponding to the residual water content. The uniform nature of the
pores in sandy soils causes all pores to drain over a small range of suction pressures, which
makes the slope of the SWCC steeper than in finer soils. Figure 3 shows typical water
content functions for different soils used in the Geo-Slope’s seepage analysis software

SEEP/W.

In the following section, it is shown that the models developed to estimate the SWCC have
parameters that mainly correspond to the previous three features.
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Figure 3. Soil water characteristic curves for different soil types (Geo-Slope 2012).

ESTIMATION OF SWCC: In 1907, Buckingham published the first soil water characteristic
curves by plotting the volumetric water content against capillary rise for six soil types varying
from sand to clay and analyzed the capillary rise for 53 to 68 days (Figure 4). The experiments
were performed on soil columns 48 in. tall and 2.5 in. in diameter and closed on top. The work of
Buckingham, as well as the majority of the early work on unsaturated soils, was related to
agricultural applications. Over the years, the experimental work and theories were applied to soil
mechanics. Currently, unsaturated soil mechanics is well established and accepted amongst
geotechnical engineers and researchers; however, as stated by Fredlund and Houston (2001), the
use of unsaturated soil mechanics theory into the routine practice is lagging the theoretical
development due in large part to the perceived, and often real, difficulties in property
determination.

Soil parameters required for modeling unsaturated soils for a particular project can be measured
in the lab through a number of testing methods. However, due to the cost, time consuming mea-
surements and uncertainty of results, empirical models were developed over the years to deter-
mine the SWCC for different soils. These empirical models can also simplify the determination
of other unsaturated soil properties like hydraulic conductivity and shear strength.

Several of these models are in the form of mathematical equations that were fitted to experimental
data. Examples of these equations are Gardner (1958), Brooks and Corey (1964), Farrel and Larson
(1972), van Genuchten (1980), Williams etal. (1983), and Fredlund and Xing (1994). The
mathematical equation models are effective in the sense that they enable an efficient determination
of the SWCC from few data points. Also, some of the SWCC applications require that it be in a
form of an equation that is differentiated or integrated and continuous (Zapata 2000a).
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Figure 4. Distribution of water in 48-in columns of soil after 53 to 68 days (Buckingham 1907).

Another type of SWCC models are predictive models. Most of the predictive models are based
on multiple regression and statistical approaches. Sleep (2011), Chin et al. (2010), and Johari
et al. (2006) classified these models into four major approaches:

The first is based on statistical estimation of the water content at selected matric suction. The
water content then is correlated to soil properties, such as D9 and/or porosity. This
correlation is a process that requires a regression analysis followed by a curve-fitting
procedure. Examples of this approach are Gupta and Larson (1979), Rawls et al. (1982), and
Aubertin et al. (2003).

The second approach uses regression analysis to correlate parameters of a mathematical
model, as described in the next section, to soil properties. Examples of this approach are
Saxton et al. (1986), Zapata et al. (2000b), and Perera et al. (2005). The quality of the models
of the first and second approach rely heavily on the database used to fit and test the
equations.

The third approach uses a physical-based model to predict the SWCC. The physical model
involves the conversion of the grain-size distribution into a pore-size distribution curve,
which in turn, is related to the distribution of water content and associated pore pressures.
This approach was first presented by Arya and Paris (1981), and followed by others,
including Fredlund et al. (2002). These models are generally limited to soils with large pores
(sands) and to low matric suction ranges.

The fourth approach uses intelligent algorithm or artificial intelligence methods, such as
neural networks, genetic programming, or other machine-learning methods to predict the
parameters of analytical equations using available databases of measured SWCCs. Examples
of this approach are given by Pachepsky et al. (1996) and Johari et al. (2006).
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To reduce the uncertainty associated with the SWCC estimates arising from both direct
measurements and correlation with index properties, a more recent development has been to couple
index property-based estimates with a one-point measurement on the SWCC. This measurement
can be on an undisturbed sample collected from the field or a compacted sample in the lab. This
approach enables shifting the predicted SWCC to pass through the measured data point. Examples
of this procedure are presented in Houston et al. (2006) and Chin et al. (2010).

Sleep (2011) proposed a method to estimate the SWCC for course-grained soils using a
knowledge-based system. The soils are categorized based on their saturated hydraulic conductivity.

MATHEMATICAL EQUATION MODELS: Leong and Rahardjo (1997) presented a generic
form of an equation from which most of the mathematical equation models of the SWCC can be
derived:

a,0" +a, exp (a3 ®b1> =a, y"” +a exp(a6t//b2) +a, (3)

where, a;, a2, as, a4, as, as, az, b, and b, are constants,  is the matric suction, and @ is the
normalized volumetric water content:

O="" (4)

where, 6- and & are the residual and saturated volumetric water contents as described earlier.
Following are some of the common equations used for modeling SWCC:s:

Gardner (1958)
0= —— )
1+|Z
(¢4
where,
a = soil parameter dependent on AEV
n = soil parameter dependent on the rate of soil drainage
Brooks and Corey (1964)
A
0= [ﬂ] (6)
7

where,

Y, = AEV or bubbling pressure (kPa)
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A = index number of pore size distribution
van Genuchten (1980)

o-— 1 (@)
1+ ["”]
a

where,

a = soil parameter dependent on AEV or bubbling pressure (kPa)

n =

soil parameter dependent on the rate of soil drainage

m = soil parameter dependent on residual water content and can be estimated as
(m=1-1/n)

Figure 5 shows the effect of van Genuchten’s equation parameters on the shape of the SWCC.

EL 1.2 7 T - 1.2 -

ni>n>n; |

TR TR
LI '\

a, <a2<a3; m>m,>m;|

=
3

=]
o
=5}
A .
sapmsgeet
awmasf® a)
o
s
=¥}
il
-

=
s

04

=
b

\|

Effective Moisture Content, @

iy | 0.4
H
A

= \ 0.2 ¥ \ 0.2 - \
\ \ nf‘f‘*a\ ml.‘.mxhh
. ~ _ | . -~ |
a Faig g P, . | = N =
0.01 1 100 10000 0.01 1 100 10000 0.01 1 100 10000
Matric Suction, yr{kPa) Matric Suction, y (kPa) Matric Suction, y (kPa)
Figure 5. Effect of van Genuchten model parameters on the shape of SWCC.
Fredlund and Xing (1994)
0
0 =C(y) S (8)

where,
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a = Vi, a soil parameter dependent on AEV
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m=23.67In [%] (10)
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where,

the matric suction dependent on the water content and occurring at the
inflection point of the SWCC which is slightly greater than the AEV (kPa)
the matric suction representing the residual water content, and

the slope of the line tangent to the function that passes through the
inflection point.
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The parameters a, n, and m are illustrated in Figure 6.

o= 1 _ (12)

42 m

a

The correction factor C(y) allows a progressive decrease in water content at high matric suction
values, forcing the value of @ to zero at wvalue of 1x10% kPa. This value is supported by
thermodynamic considerations.

The previous four models are used in the seepage analysis program SLIDE (RocScience 2011).
SEEP/W (Geo-Slope 2012) incorporates the two more recent ones: van Genuchten (1980) and
Fredlund and Xing (1994). If data points are known on the SWCC, SEEP/W has an algorithm
that fits the Fredlund and Xing equation and estimates the values of a, n, and m.
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Figure 6. A sample plot for the graphical solution of the three parameters (a, n, and m)
(Fredlund et al. 1994).

Leong and Rahardjo (1997) compared 30 equations for the SWCC. They noted that most of these
equations are empirical in nature and were suggested based on the shape of the SWCC as
measured. The models that present a sigmoid or S-shaped function are more versatile and give a
better fit to the SWCC. When comparing the minimum sum squared residual value obtained
from the best fit of each equation, they noted that the equations that have four parameters (for
example, van Genuchten 1980 and Fredlund and Xing 1994) performed much better than the
equations with three parameters (for example, Gardner 1958, Brooks and Corey 1964) and that
Fredlund and Xing equation performed marginally better than van Genuchten.

PREDICTIVE MODELS: The predictive models for the SWCC as previously described can be
grouped into four general approaches. The first two approaches can be best used in practice,
because they correlate the SWCC estimates to soil index properties typically available for
geotechnical projects. The first approach correlates soil index properties directly to SWCC
prediction, and the second approach correlates soil index properties using multiple regressions to
the parameters of already given mathematical models. Sleep (2011) provides a comprehensive
review of such models.

To estimate the SWCC for transient seepage analyses, SEEP/W uses two closed-form models: van
Genuchten (1980) and Fredlund and Xing (1994). In addition, SEEP/W incorporates the Modified
Kovacs (MK) predictive model (Aubertin et al. 2003), which uses basic index soil properties to
estimate the SWCC. SEEP/W provides a list of sample SWCCs for six different soils (Figure 3,)
but the user’s manual states that they should be used for initial checking only. The SEEP/W user is
able to insert add-in functions or input the SWCC as discrete coordinates based on available
methods that estimate the curves based on grain-size information, soil type, or published data.



ERDC/GSL TN-17-1
May 2017

A spreadsheet has been developed to compare the four mathematical models that were discussed
given that the input parameters are known. The spreadsheet also compares seven different
predictive models and provides an estimate of the parameters required by SEEP/W to use either
Fredlund and Xing (1994) or van Genuchten (1980) equations in unsaturated soils modeling.
These seven models are selected as an example of fitting data to mathematical equations using
different approaches. Some assumptions have been made in the calculations contained in the
spreadsheet when some of the constants or the parameters are not clearly determined in the
respective methods. An additional feature is to generate a text file that contains the SWCC data
points, which can easily be pasted into SEEP/W.

As with any other estimates of engineering properties of soils, predictive equations have their
limitations and should be calibrated or verified using measurements on the modeled material.
Appendix A includes screen captures of the spreadsheet introduction and output for fine-grained
soils and coarse-grained soils. A brief description of the seven models is presented in the
following paragraphs:

Model 1: Saxton et al. (1986). Saxton et al. (1986) extended the work of Rawls et al. (1982) to
create an equation for a continuous SWCC based on the regression coefficients developed by
Rawls et al. Saxton et al. used the general fit of the Brooks and Corey (1964) equation for the
SWCC.

w = AO" (13)

where, A=y. 65, y. is the soil suction at the AEV (kPa), and B is a curve-fitting constant. They
divided the SWCC into three segments: from saturation to the AEV, AEV to 10 kPa, and greater
than 10 kPa. The first segment is a constant value, equal to 6y, then a straight line along the second
segment. For the last segment, they proposed expressions for A and B correlated to the percent of
clay (<0.002 mm) and percent sand (<2 mm) in the soil being modeled. It is noted that 2 mm is the
sand size corresponding to “medium sand” according to the Unified Soil Classification System
(USCS). Saxton et al. found the proposed equation to be satisfactory when compared to measured
SWCC, except for soils with clay contents above 60 percent or below 10 percent.

Model 2: Zapata et al. (2000). Zapata et al. (2000) proposed a model to determine the SWCC
based on soil index properties. They used a database of 190 soils consisting of 70 plastic soils and
120 non-plastic soils. They used multiple regressions and the Fredlund and Xing (1994) equation.

As shown in Figure 7, with the correlation equations developed, an infinite number of SWCCs
can be generated using w-PI for plastic soils, where w is the percent passing the #200 sieve, and
PI is the plastic index, and using Dy for non-plastic soils. The data from their study and exami-
nation of several other SWCCs show clearly that the SWCC moves to the right with increasing
plasticity. The correlations and algorithms developed from their study provide a smooth transi-
tion across the spectrum of soils.

Zapata et al. (2000a) concluded that SWCC can probably be estimated from Dsy or w-PI about as
accurately as it can be measured, unless the laboratory or person making the measurement is
highly experienced. And, it is difficult to develop a predictive model for SWCCs that is consis-
tent with all of the SWCCs reported in the literature because of the fairly high probability that

10
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any given measured SWCC has significant experimental error associated with it. In their paper
they stated that, if a single laboratory is asked to reproduce the SWCC for a single soil, the
variability can typically be as great as the difference between the w-PI = 10 curve and the w-PI =
30 curve shown in Figure 7.
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Figure 7. Predicted SWCC based on Dgp and w-PI (Zapata et al. 2000b).

The Enhanced Integrated Climatic Model (EICM), developed for the Federal Highway Admin-
istration (FHWA), was designed to simulate the behavior of pavement and subgrade materials
over several years of operation. The study by Zapata et al. (2000b) was used in modifying EICM
(ver. 2.6) to improve the predictions of the moisture content of unbound materials. The modifi-
cations included the addition of a better functional fit for the soil SWCC, the incorporation of an
algorithm capable of predicting the SWCC based on soil index properties, and the prediction of
the unsaturated hydraulic conductivity based on the SWCC, and the development of sets of
default soil parameters based on the American Association of State Highway and Transportation
Officials (ASSHTO) Soil Classification System.

Model 3: Aubertin et al. (2003). Aubertin et al. presented a method to predict the SWCC
based on modifications to the method proposed by Kovacs (1981). The modifications were made
to Kovac’s method to better represent materials that were not covered in the original method,
such as tailings from hard-rock mines and clay soils. The model is developed by defining the
degree of saturation for two main components:

1.  The amount of water stored in a soil by capillary forces that exist at relatively small

negative pore-water pressures. This component is associated more with coarse grained
materials.

11
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2. The volumetric water content at large negative pore-water pressures where the amount of
water that exists in the soil is primarily a function of adhesion. This component is associ-
ated more with fine-grained materials.

Both of these components can be evaluated from material property information, such as particle
size, the shape of the particles and the porosity. The Aubertin et al. MK model uses the Fredlund
and Xing (1994) correction factor C(w).

Model 4: Perera et al. (2005). Perera et al. (2005) extended the work of Zapata et al. (2000b)
and used multiple regression and the Fredlund and Xing (1994) equation with a database of 154
non-plastic and 63 plastic soils to derive equations for the SWCC based on the grain-size
distribution for coarse-grained soils, and the plasticity index for fine-grained or plastic soils.

Model 5: Ghanberian et al. (2010). Ghanberian etal. (2010) developed a model that
determines parameter m in the van Genuchten equation to describe the SWCC of unsaturated
soils. They used a previously developed approach to estimate parameter m from the pore size
distribution index (4) of the Brooks and Corey (1964) model incorporating a relationship
between A and the fractal dimension, D, of the SWCC. The fractal dimension is a statistical
index on how accurate the estimated model matches the measured points. Ghanberian et al. used
two data sets containing 75 samples from the unsaturated soil hydraulic database (UNSODA)
and 72 samples from literature to evaluate the approach. They concluded that the fractal
approach performed better than the Rosetta model. Table 1 provides typical values that can be
used as an estimate for van Genuchten model.

Table 1. Default initial estimates of selected parameters in models for unsaturated
hydraulic functions (UNSODA manual after Carsel and Parrish 1988).
a Ks
Soil Type (73 o n (kPa) (cm/sec)
Sand 0.045 0.43 2.68 0.677 8.25E-03
Loamy sand 0.057 0.41 2.28 0.791 4.05E-03
Sandy loam 0.065 0.41 1.89 1.308 1.22E-03
Sandy clay loam 0.100 0.39 1.48 1.663 3.64E-04
Loam 0.078 0.43 1.56 2.725 2.89E-04
Silt loam 0.067 0.45 1.41 4.905 1.25E-04
Clay loam 0.095 0.41 1.31 5.163 7.22E-05
Silt 0.034 0.46 1.37 6.131 6.94E-05
Clay 0.068 0.38 1.09 12.263 5.55E-05
Sandy clay 0.100 0.38 1.23 3.633 3.33E-05
Silty clay loam 0.089 0.43 1.23 9.810 1.94E-05
Silty clay 0.070 0.36 1.09 19.620 5.55E-06

m=1-1/n
6 is the saturated volumetric water content which is equal to porosity

Model 6: Sleep (2011). Sleep developed SWCC charts by querying laboratory drying tests
based on four soil groups categorized according to saturated hydraulic conductivity: >107! cm/sec
(coarse sand), 107'-10" cm/sec (fine sand), 103-10" cm/sec (silty sand), and 10°-107 cm/sec

12
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(silt). The data queried contained volumetric moisture content versus soil suction. The data
points were plotted on semi-log plots. Best fit lines for the drying curve data were developed.
The wetting curves were constructed based on the finding by Yang etal. (2004), that the
hysteresis between the wetting and drying SWCC is variable but is approximately one order of
magnitude. The 90 percent confidence limit was constructed using 1.28 times the standard
deviation of the data set. Figure 8 is an example of the developed charts for fine sand.

1 4
Standard deviation of the average dryingline
for soil suction = 0.68 orders of magnitude.
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Figure 8. SWCC for fine sand (k = 10-"to 103 cm/sec) constructed from the UNSODA
database (Sleep 2011).

Sleep (2011) noted that it is not conclusive that one of the proposed fitting methods is
significantly more accurate than the others, and that it appears unlikely that the soil properties
required for transient seepage analyses can be estimated with a high degree of accuracy, no
matter how sophisticated the fitting relationships that are used.

Model 7: Benson et al. (2014). Benson et al. (2014) studied the effect of median particle size
and uniformity of particle sizes (well-graded vs. poorly-graded) in clean sands on the SWCC and
the van Genuchten parameters a and n. For the drying SWCC of uniform sands, as the particles
become finer, the air entry suction increases (a increases), and the slope diminishes slightly (n
decreases). Increasing the range of particle sizes, quantified by an increased coefficient of
uniformity (C,=Dso/D19), also increases the air entry suction (higher a) and reduces the slope
(lower n) of the SWCC. Benson et al. concluded that the range of particle sizes has a larger effect
on the slope and »n of the SWCC, and median particle size has a larger effect on the air entry
suction and a. Similar effects occur for the wetting SWCC, although the impact on the water
entry suction is less than the impact on the air entry suction (the water entry suction is shown on
Figure 2). Figure 9 shows a conceptual illustration of the above findings.

13
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Figure 9. Conceptual diagram of effect of (a) median particle size of uniform sand, and (b)
range of particle sizes, on shape of the SWCC of sand (Benson et al. 2014).
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Soil Water Characteristic Curves (SWCC) 
Spreadsheet ver 1.4

To estimate the SWCC for transient seepage analysis, SEEP/W uses  two closed form models, van Genuchten (1980) and Fredlund and Xing (1994), as well as the Modified Kovacs model (Aubertin et al. 2003) which utilizes basic index soil properties. SEEP/W provides a list of sample SWCCs for six different soils, but the user manual states that they should be used for initial checking only.  SEEP/W users are able to insert add-in functions or input the SWCC as discrete coordinates based on available methods  that estimate the curves based on grain size information, soil type, or previously published data. 

SWCCs can be measured in the lab; however, due to the cost, time, and high variability in the results, empirical equations were developed using multiple regression approaches on databases consisting of a large number of measured SWCCs. This spreadsheet uses different methods to calculate the input parameters required by SEEP/W  for van Genuchten and Fredlund and Xing equations. These methods use  basic soil properties  like grain size distribution and Atterberg  limits to estimate the equation parameters. The spreadsheet calculates the SWCCs using seven different methods for  comparison.  It also compares  four closed form models:  Gardner (1958), Brooks and Corey (1964), van Genuchten (1980), and Fredlund and Xing (1994), given the model parameters are known.

How to Use the Spreadsheet
1) If the  equation parameters of the closed form models are known, the user can use the first tab to generate the SWCCs.
2) If  only the soil index properties are known, the user  will input them in either of the red tab spreadsheets; "SWCC - Fine Grained" or "SWCC - Coarse Grained", based on the  classification of the soil being modeled. 
3) The generated plots and model parameters  required by SEEP/W  for van Genuchten and Fredlund and Xing equations will be shown on the same tab. 

More details about the used methods are found on the yellow tabs in the enclosed report.
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		Gardner 19581						Brooks and Corey 19642						van Genuchten 1980						Fredlund and Xing 1994 (1)						Fredlund and Xing 1994 (2)3







				Input						Input						Input						Input						Input

		a=		300		kPa		yb=		100		kPa		a=		100		kPa		a=		100		kPa		a=		100		kPa

		n=		2				l=		2				n=		2				n=		2				n=		2

		qr=		0.1		cm3/cm3		qr=		0.1		cm3/cm3		m=1-1/n		0.5				m=		1				m=		1

		qs=		0.5		cm3/cm3		qs=		0.5		cm3/cm3		qr=		0.1		cm3/cm3		qr=		0.1		cm3/cm3		qs=		0.5		cm3/cm3

														qs=		0.5		cm3/cm3		qs=		0.5		cm3/cm3





		y (kPa)		q				y (kPa)		q				y (kPa)		q				y (kPa)		q				y (kPa)		q		Ch

		0.001		0.5000				0.001		0.5000				0.001		0.5000				0.001		0.5000				0.001		0.5000		1.0000

		0.01		0.5000				0.01		0.5000				0.01		0.5000				0.01		0.5000				0.01		0.5000		1.0000

		0.1		0.5000				0.1		0.5000				0.1		0.5000				0.1		0.5000				0.1		0.5000		1.0000

		0.15		0.5000				0.15		0.5000				0.15		0.5000				0.15		0.5000				0.15		0.5000		1.0000

		0.2		0.5000				0.2		0.5000				0.2		0.5000				0.2		0.5000				0.2		0.5000		0.9999

		0.25		0.5000				0.25		0.5000				0.25		0.5000				0.25		0.5000				0.25		0.5000		0.9999

		0.3		0.5000				0.3		0.5000				0.3		0.5000				0.3		0.5000				0.3		0.5000		0.9999

		0.35		0.5000				0.35		0.5000				0.35		0.5000				0.35		0.5000				0.35		0.5000		0.9999

		0.4		0.5000				0.4		0.5000				0.4		0.5000				0.4		0.5000				0.4		0.4999		0.9999

		0.45		0.5000				0.45		0.5000				0.45		0.5000				0.45		0.5000				0.45		0.4999		0.9999

		0.5		0.5000				0.5		0.5000				0.5		0.5000				0.5		0.5000				0.5		0.4999		0.9999

		0.55		0.5000				0.55		0.5000				0.55		0.5000				0.55		0.5000				0.55		0.4999		0.9999

		0.6		0.5000				0.6		0.5000				0.6		0.5000				0.6		0.5000				0.6		0.4999		0.9998

		0.65		0.5000				0.65		0.5000				0.65		0.5000				0.65		0.5000				0.65		0.4999		0.9998

		0.7		0.5000				0.7		0.5000				0.7		0.5000				0.7		0.5000				0.7		0.4999		0.9998																								Soil Water Characteristic Curves (SWCC)


		0.75		0.5000				0.75		0.5000				0.75		0.5000				0.75		0.5000				0.75		0.4999		0.9998																										US Army Corps of Engineers

		0.8		0.5000				0.8		0.5000				0.8		0.5000				0.8		0.5000				0.8		0.4999		0.9998

		0.85		0.5000				0.85		0.5000				0.85		0.5000				0.85		0.5000				0.85		0.4999		0.9998

		0.9		0.5000				0.9		0.5000				0.9		0.5000				0.9		0.5000				0.9		0.4999		0.9998

		0.95		0.5000				0.95		0.5000				0.95		0.5000				0.95		0.5000				0.95		0.4999		0.9998

		1		0.5000				1		0.5000				1		0.5000				1		0.5000				1		0.4999		0.9997

		1.5		0.5000				1.5		0.5000				1.5		0.5000				1.5		0.5000				1.5		0.4998		0.9996

		2		0.5000				2		0.5000				2		0.4999				2		0.4999				2		0.4997		0.9995

		2.5		0.5000				2.5		0.5000				2.5		0.4999				2.5		0.4999				2.5		0.4996		0.9993

		3		0.5000				3		0.5000				3		0.4998				3		0.4999				3		0.4994		0.9992

		3.5		0.4999				3.5		0.5000				3.5		0.4998				3.5		0.4998				3.5		0.4993		0.9991

		4		0.4999				4		0.5000				4		0.4997				4		0.4998				4		0.4992		0.9990

		4.5		0.4999				4.5		0.5000				4.5		0.4996				4.5		0.4997				4.5		0.4990		0.9988

		5		0.4999				5		0.5000				5		0.4995				5		0.4996				5		0.4989		0.9987

		5.5		0.4999				5.5		0.5000				5.5		0.4994				5.5		0.4996				5.5		0.4987		0.9986

		6		0.4998				6		0.5000				6		0.4993				6		0.4995				6		0.4986		0.9984

		6.5		0.4998				6.5		0.5000				6.5		0.4992				6.5		0.4994				6.5		0.4984		0.9983

		7		0.4998				7		0.5000				7		0.4990				7		0.4993				7		0.4982		0.9982

		7.5		0.4998				7.5		0.5000				7.5		0.4989				7.5		0.4992				7.5		0.4980		0.9980

		8		0.4997				8		0.5000				8		0.4987				8		0.4991				8		0.4978		0.9979

		8.5		0.4997				8.5		0.5000				8.5		0.4986				8.5		0.4989				8.5		0.4976		0.9978

		9		0.4996				9		0.5000				9		0.4984				9		0.4988				9		0.4973		0.9977

		9.5		0.4996				9.5		0.5000				9.5		0.4982				9.5		0.4987				9.5		0.4971		0.9975

		10		0.4996				10		0.5000				10		0.4980				10		0.4985				10		0.4969		0.9974

		15		0.4990				15		0.5000				15		0.4956				15		0.4967				15		0.4940		0.9961

		20		0.4982				20		0.5000				20		0.4922				20		0.4942				20		0.4903		0.9948

		25		0.4972				25		0.5000				25		0.4881				25		0.4911				25		0.4857		0.9936

		30		0.4960				30		0.5000				30		0.4831				30		0.4874				30		0.4805		0.9923

		35		0.4946				35		0.5000				35		0.4775				35		0.4831				35		0.4746		0.9911

		40		0.4930				40		0.5000				40		0.4714				40		0.4784				40		0.4682		0.9899

		45		0.4912				45		0.5000				45		0.4648				45		0.4732				45		0.4612		0.9887

		50		0.4892				50		0.5000				50		0.4578				50		0.4677				50		0.4538		0.9875

		55		0.4870				55		0.5000				55		0.4505				55		0.4618				55		0.4461		0.9863

		60		0.4846				60		0.5000				60		0.4430				60		0.4558				60		0.4381		0.9851

		65		0.4821				65		0.5000				65		0.4354				65		0.4495				65		0.4299		0.9839

		70		0.4793				70		0.5000				70		0.4277				70		0.4431				70		0.4215		0.9828

		75		0.4765				75		0.5000				75		0.4200				75		0.4367				75		0.4131		0.9816

		80		0.4734				80		0.5000				80		0.4123				80		0.4302				80		0.4047		0.9805

		85		0.4703				85		0.5000				85		0.4048				85		0.4237				85		0.3963		0.9793

		90		0.4670				90		0.5000				90		0.3973				90		0.4173				90		0.3879		0.9782

		95		0.4635				95		0.5000				95		0.3900				95		0.4109				95		0.3797		0.9771

		100		0.4600				100		0.5000				100		0.3828				100		0.4046				100		0.3716		0.9760

		150		0.4200				150		0.2778				150		0.3219				150		0.3495				150		0.3011		0.9655

		200		0.3769				200		0.2000				200		0.2789				200		0.3100				200		0.2509		0.9557

		250		0.3361				250		0.1640				250		0.2486				250		0.2823				250		0.2158		0.9467

		300		0.3000				300		0.1444				300		0.2265				300		0.2625				300		0.1906		0.9382

		350		0.2694				350		0.1327				350		0.2099				350		0.2478				350		0.1719		0.9302

		400		0.2440				400		0.1250				400		0.1970				400		0.2365				400		0.1575		0.9227

		450		0.2231				450		0.1198				450		0.1868				450		0.2276				450		0.1461		0.9156

		500		0.2059				500		0.1160				500		0.1784				500		0.2204				500		0.1368		0.9088

		550		0.1917				550		0.1132				550		0.1716				550		0.2144				550		0.1291		0.9024

		600		0.1800				600		0.1111				600		0.1658				600		0.2094				600		0.1226		0.8963

		650		0.1702				650		0.1095				650		0.1608				650		0.2051				650		0.1170		0.8904

		700		0.1621				700		0.1082				700		0.1566				700		0.2014				700		0.1121		0.8848

		750		0.1552				750		0.1071				750		0.1529				750		0.1981				750		0.1079		0.8795

		800		0.1493				800		0.1063				800		0.1496				800		0.1952				800		0.1041		0.8743

		850		0.1443				850		0.1055				850		0.1467				850		0.1927				850		0.1007		0.8693

		900		0.1400				900		0.1049				900		0.1442				900		0.1903				900		0.0976		0.8645

		950		0.1363				950		0.1044				950		0.1419				950		0.1883				950		0.0949		0.8599

		1000		0.1330				1000		0.1040				1000		0.1398				1000		0.1864				1000		0.0923		0.8555

		1500		0.1154				1500		0.1018				1500		0.1266				1500		0.1737				1500		0.0753		0.8176

		2000		0.1088				2000		0.1010				2000		0.1200				2000		0.1667				2000		0.0657		0.7883

		2500		0.1057				2500		0.1006				2500		0.1160				2500		0.1621				2500		0.0593		0.7643

		3000		0.1040				3000		0.1004				3000		0.1133				3000		0.1588				3000		0.0547		0.7440

		3500		0.1029				3500		0.1003				3500		0.1114				3500		0.1562				3500		0.0511		0.7264

		4000		0.1022				4000		0.1003				4000		0.1100				4000		0.1542				4000		0.0482		0.7109

		4500		0.1018				4500		0.1002				4500		0.1089				4500		0.1525				4500		0.0458		0.6971

		5000		0.1014				5000		0.1002				5000		0.1080				5000		0.1511				5000		0.0437		0.6845

		5500		0.1012				5500		0.1001				5500		0.1073				5500		0.1499				5500		0.0420		0.6731

		6000		0.1010				6000		0.1001				6000		0.1067				6000		0.1488				6000		0.0405		0.6626

		6500		0.1009				6500		0.1001				6500		0.1062				6500		0.1479				6500		0.0391		0.6528

		7000		0.1007				7000		0.1001				7000		0.1057				7000		0.1471				7000		0.0379		0.6437

		7500		0.1006				7500		0.1001				7500		0.1053				7500		0.1463				7500		0.0368		0.6353

		8000		0.1006				8000		0.1001				8000		0.1050				8000		0.1456				8000		0.0358		0.6273

		8500		0.1005				8500		0.1001				8500		0.1047				8500		0.1450				8500		0.0349		0.6198

		9000		0.1004				9000		0.1000				9000		0.1044				9000		0.1444				9000		0.0340		0.6126

		9500		0.1004				9500		0.1000				9500		0.1042				9500		0.1439				9500		0.0333		0.6059

		10000		0.1004				10000		0.1000				10000		0.1040				10000		0.1434				10000		0.0325		0.5995

		100000		0.1000				100000		0.1000				100000		0.1004				100000		0.1290				100000		0.0109		0.3023

		1000000		0.1000				1000000		0.1000				1000000		0.1000				1000000		0.1217				1000000		0.0000		0.0000















































																								Soil Water Characteristic Curves (SWCC)


																						US Army Corps of Engineers





		1) a in Gardner's equation corresponds to the value of y at a volumetric water content of (qs+qr)/2

		2) Brooks and Corey's equation is valid only for y value greater than or equal to yb or the air entry value



		3)



		where, yr is estimated at 100 kPa for a equal to or less than 10 kPa, and 500 kPa for higher values of a.







Gadner 1958	1E-3	0.01	0.1	1	10	100	1000	10000	100000	1000000	0.49999999999555556	0.49999999955555552	0.49999995555556054	0.49999555560493769	0.49955604883462823	0.45999999999999996	0.13302752293577982	0.1003596762913378	0.1000035999676003	0.10000003599999677	Brooks and Corey 1964	1E-3	0.01	0.1	1	10	100	1000	10000	100000	1000000	0.5	0.5	0.5	0.5	0.5	0.5	0.10400000000000001	0.10004	0.1000004	0.100000004	Van Genuchten 1980	1E-3	0.01	0.1	1	10	100	1000	10000	100000	1000000	0.49999999998	0.49999999800000006	0.49999980000014999	0.49998000149987509	0.49801487608399575	0.38284271247461898	0.13980148760839958	0.10399980001499876	0.10039999980000015	0.10003999999980001	Fredlund and Xing 1994 (1)	1E-3	0.01	0.1	1	10	100	1000	10000	100000	1000000	0.49999999998528488	0.49999999852848231	0.49999985284830484	0.49998528563431843	0.49853655615145764	0.40458514384586408	0.18635597016339017	0.14342816665294722	0.12895295976356178	0.12171472406311887	Fredlund and Xing 1994 (2)	1E-3	0.01	0.1	1	10	100	1000	10000	100000	1000000	0.4999998684270644	0.4999986826270309	0.49998666191327129	0.49985018858375202	0.49687289668156115	0.37159949020625871	9.2343938405450812E-2	3.2542834017276041E-2	1.0941520951370114E-2	0	

SWCC - Fine Grained  v1.4

		SWCC For Fine Grained Soils





		Input

		Void Ratio, e=		1.1

		Liquid Limit, LL=		55		%

		Plastic Limit, PL=		25		%

		Sand Content (< 2 mm)=		20		%

		Fines Content (<0.075 mm)=		70		%

		Clay Fraction (<0.002 mm)=		45		%

		Saturated Hydraulic Conductivity*, Ks=		1.0E-05		cm/sec

		*method is limited to min Ks of 1.0E-07 cm/sec



		Estimated Fredlund and Xing Parameters









		a=		162.62		kPa

		n=		0.79

		m=		0.39



		Estimated Van Genuchen Parameters









																																		Soil Water Characteristic Curves (SWCC)
Fine Grained Soils

		a=		6.13		kPa

		n=		1.08																														Ks=0.00001cm/sec,      PI=30%

		qr=		0.08		cm3/cm3																														US Army Corps of Engineers





Aubertin et al 2003	1E-3	0.01	0.1	0.5	1	5	10	50	100	200	300	400	500	1000	5000	10000	50000	100000	500000	1000000	0.52380952380952384	0.52380952380952384	0.52380952380952384	0.52380952380952384	0.52380952380952384	0.52380952380952384	0.52380952380952384	0.4940595662524887	0.38870948891359119	0.30544271940830575	0.27417054219871295	0.25671368742795497	0.2449575256166901	0.2144124850861942	0.1583188535578042	0.13627470236166836	8.3994765303785121E-2	6.1308509012744206E-2	1.5318995145982662E-2	1.6033788521902272E-10	Perera et al 2005*	1E-3	0.01	0.1	0.2	0.25	0.5	1	2	5	10	100	1000	10000	100000	1000000	0.52378973563805142	0.52374030073128164	0.52356242846283252	0.52344420243689838	0.52339471157097273	0.52319123628320219	0.52288029939414282	0.52239826941905798	0.52130722115475092	0.51987827223652094	0.50401062087278048	0.43378345634197507	0.29711959246602926	0.14678215776876932	0	Zapata et al 2000*	1E-3	0.01	0.1	0.2	0.25	0.5	1	2	5	10	100	1000	10000	100000	1000000	0.52380906108916747	0.52380449036246213	0.52375476939801247	0.52369721818725479	0.5236680023466227	0.52351934018824875	0.52321483512599021	0.52259215723013941	0.52068317010090559	0.51746897715094287	0.46715773136497313	0.30131117379223304	0.16076984765472041	6.5564051231506812E-2	0	Ghanbarian et al 2010**	1E-3	0.01	0.1	0.2	0.25	0.5	1	2	5	10	100	1000	10000	100000	1000000	0.52380682454013572	0.52377694537282116	0.52341837722865547	0.52298722519836527	0.52276639015384985	0.52164102041517169	0.51938468034997387	0.51508896647140556	0.50433938792391897	0.49149126524245756	0.43125771265155793	0.37138243718437897	0.3208956548551663	0.27902147544213818	0.24433896862594823	Sleep 2011 - 90% Drying	1E-3	70	100000	0.52380952380952384	0.52380952380952384	0.28809523809523813	0.20952380952380956	0.1466666666666667	6.8095238095238098E-2	Sleep 2011 - Ave Drying	1E-3	6	100000	0.52380952380952384	0.52380952380952384	0.28809523809523813	0.20952380952380956	0.1466666666666667	6.8095238095238098E-2	Sleep 2011 - Ave Wetting	1E-3	0.95	100000	0.52380952380952384	0.52380952380952384	0.28809523809523813	0.20952380952380956	0.1466666666666667	6.8095238095238098E-2	Sleep 2011 - 90% Wetting	1E-3	9.5000000000000001E-2	100000	0.52380952380952384	0.52380952380952384	0.28809523809523813	0.20952380952380956	0.1466666666666667	6.8095238095238098E-2	Saxton et al 1986	1E-3	0.01	0.1	0.2	0.25	0.5	1	2	5	10	100	1000	10000	100000	1000000	0.52380952380952384	0.52380952380952384	0.52380952380952384	0.52380952380952384	0.52380952380952384	0.52380952380952384	0.52380952380952384	0.52380952380952384	0.52380952380952384	0.52380952380952384	0.52380952380952384	0.43246438171340074	0.3272829323602045	0.24768309794650326	0.18744306819171153	* Estimating Fredlund and Xing model parameters

**Estimating Van Genuchen model parameters



SWCC - Coarse Grained  v1.4

		SWCC For Coarse Grained Soils





		Input

		Void Ratio, e=		0.45

		D10=		0.1		mm

		D20=		0.25		mm

		D30=		0.42		mm

		D60=		1.5		mm

		D90=		5		mm

		Sand Content (< 2 mm)=		95		%

		Fines Content (<0.075 mm)=		5		%

		Clay Fraction (<0.002 mm)=		1		%

		Saturated Hydraulic Conductivity, Ks=		1.0E-03		cm/sec



		Estimated Fredlund and Xing Parameters









		a=		5.23		kPa

		n=		4.98

		m=		0.81



		Estimated Van Genuchen Parameters





																																		Soil Water Characteristic Curves (SWCC)
Coarse Grained Soils



																																		Ks=0.001cm/sec,      D10=0.1mm

		a=		0.99		kPa																														US Army Corps of Engineers

		n=		1.58

		qr=		0.06		cm3/cm3



Aubertin et al 2003	1E-3	0.01	0.1	0.5	1	5	10	50	100	500	1000	5000	10000	50000	100000	500000	1000000	0.31034482758620691	0.31034482758620691	0.31034482758620691	0.31034482758620691	0.31034482758620691	0.31034482758620691	0.31034482758620691	0.25991338758431293	0.12158469775975203	1.6943809235835536E-2	1.0864852447688016E-2	5.6675110035455103E-3	4.3619932145831687E-3	2.1645267830638819E-3	1.4820754983788317E-3	3.4120387972388721E-4	1.3560973780636242E-9	Perera et al 2005*	1E-3	0.01	0.1	0.2	0.25	0.5	1	2	5	10	100	1000	10000	100000	1000000	0.31034449062673569	0.31034145466876129	0.31031008939244609	0.31027163413736542	0.31025050959586253	0.31012038683484289	0.30969787748267497	0.3079671697046808	0.2935977081928266	0.24710987048436778	7.455946643507938E-2	3.5089401107438377E-2	1.7330584946316313E-2	6.9567113930214322E-3	0	Zapata et al 2000*	1E-3	0.01	0.1	0.2	0.25	0.5	1	2	5	10	100	1000	10000	100000	1000000	0.31029499121215898	0.30985167078109532	0.30586500391317956	0.30215438584878729	0.30045517147263867	0.28005110715396869	9.9254942506566884E-2	4.4404281303087212E-2	2.533623556235683E-2	1.8762543941651621E-2	9.0103734052142167E-3	4.9231508920669102E-3	2.6076689145500577E-3	1.0883401793831029E-3	0	Ghanbarian et al 2010**	1E-3	0.01	0.1	0.2	0.25	0.5	1	2	5	10	100	1000	10000	100000	1000000	0.31034307443647291	0.31027896597769067	0.30791317938494839	0.30334964667212594	0.30061449418139063	0.28488043986766565	0.25380513853545539	0.21067769880313025	0.15638944231444835	0.12618788147731907	7.8502806383077037E-2	6.5657923788454559E-2	6.2239290466438869E-2	6.1329724389030157E-2	6.1087726128165057E-2	Sleep 2011 - 90% Drying	1E-3	30	130	800	1000000	0.31034482758620691	0.31034482758620691	0.1706896551724138	0.12413793103448277	8.6896551724137946E-2	4.0344827586206902E-2	3.1034482758620693E-2	0	Sleep 2011 - Ave Drying	1E-3	4	45	150	1000000	0.31034482758620691	0.31034482758620691	0.1706896551724138	0.12413793103448277	8.6896551724137946E-2	4.0344827586206902E-2	3.1034482758620693E-2	0	Sleep 2011 - Ave Wetting	1E-3	0.82	12	25	1000000	0.31034482758620691	0.31034482758620691	0.1706896551724138	0.12413793103448277	8.6896551724137946E-2	4.0344827586206902E-2	3.1034482758620693E-2	0	Sleep 2011 - 90% Wetting	1E-3	0.12	3	3.5	1000000	0.31034482758620691	0.31034482758620691	0.1706896551724138	0.12413793103448277	8.6896551724137946E-2	4.0344827586206902E-2	3.1034482758620693E-2	0	Benson et al 2014 - Drying	1E-3	0.01	0.1	0.2	0.25	0.5	1	2	5	10	100	1000	10000	100000	1000000	0.31034482385554801	0.310344454521087	0.31030752871747624	0.31019572467191908	0.31011196262135754	0.30941696168227567	0.30668965702099399	0.29655407380696702	0.2479586941860687	0.17942106696266269	5.6243662683797643E-2	4.1627276898555172E-2	4.0162730608392025E-2	4.0016273063757817E-2	4.0001627306378698E-2	Benson et al 2014 -Wetting	1E-3	0.01	0.1	0.2	0.25	0.5	1	2	5	10	100	1000	10000	100000	1000000	0.31034481939485559	0.31034400845475824	0.31026295127951375	0.31001776798496411	0.3098343177969165	0.3083199680245543	0.30250791324265469	0.28254249615034166	0.21047104052973825	0.14174613280322731	5.0973022627493647E-2	4.1098198204013087E-2	4.0109820717451158E-2	4.0010982072642177E-2	4.0001098207265114E-2	Saxton et al 1986	1E-3	0.01	0.1	0.2	0.25	0.5	1	2	5	10	100	1000	10000	100000	1000000	0.31034482758620691	0.31034482758620691	0.31034482758620691	0.31034482758620691	0.31034482758620691	0.31034482758620691	0.31034482758620691	0.31034482758620691	0.31034482758620691	0.31034482758620691	0.21570129176778566	0.11080398721333484	5.6919100862827941E-2	2.9238876005383347E-2	1.5019771168179119E-2	* Estimating Fredlund and Xing model parameters

**Estimating Van Genuchen model parameters



Saxton et al 1986  v1.4

																								Fine Grained

																										e=		1.1

																										sand=		20		%		A=		0.9817389765		kPa		qs=		0.5238095238				check using method				0.5284479168

																										clay=		45		%		B=		-8.26262				ye=		7.1672291698		kPa

																												y (kPa)		q

																												0.001		0.5238095238

																												0.01		0.5238095238

																												0.1		0.5238095238

																												0.2		0.5238095238

																												0.25		0.5238095238

																												0.5		0.5238095238

																												1		0.5238095238

																												2		0.5238095238

																												5		0.5238095238

																												10		0.5238095238

																												100		0.5238095238

																												1000		0.4324643817

																												10000		0.3272829324

																												100000		0.2476830979

																												1000000		0.1874430682







																								Coarse Grained

																										sand=		95		%		A=		0.4981514837		kPa		qs=		0.3103448276				check using method				0.2631155

																										clay=		1		%		B=		-3.456651				ye=		-1.854073		kPa

																										e=		0.45

																												y (kPa)		q

																												0.001		0.3103448276

																												0.01		0.3103448276

																												0.1		0.3103448276

																												0.2		0.3103448276

																												0.25		0.3103448276

																												0.5		0.3103448276

																												1		0.3103448276

																												2		0.3103448276

																												5		0.3103448276

																												10		0.3103448276

																												100		0.2157012918

																												1000		0.1108039872

																												10000		0.0569191009

																												100000		0.029238876

																												1000000		0.0150197712







Zapata et al 2000 v1.4

																				Fine Grained



																						wPI=		21		a=		192.8444104978		b=		1.0374920664

																						e=		1.1		c=		0.7117361885		hr=		9245.3493380086		n=		0.5238095238

																						y*(kPa)		q		Ch

																						0.001		0.5238090611		0.999999977

																						0.01		0.5238044904		0.9999997695

																						0.1		0.5237547694		0.9999976952

																						0.2		0.5236972182		0.9999953904

																						0.25		0.5236680023		0.999994238

																						0.5		0.5235193402		0.9999884761

																						1		0.5232148351		0.9999769528

		PI> 0																				2		0.5225921572		0.9999539081

																						5		0.5206831701		0.9998847891

																						10		0.5174689772		0.9997696404

																						100		0.4671577314		0.9977075337

																						1000		0.3013111738		0.9781148977

																						10000		0.1607698477		0.843772816

																						100000		0.0655640512		0.4737777277

																						1000000		0		0



																				Coarse Grained

																						D60=		1.5		mm      a=		0.6362316394		b=		7.5

																						e=		0.45		c=		0.8452484172		hr=		0.423880317		n=		0.3103448276



		PI= 0																				y*(kPa)		q		Ch

																						0.001		0.3102949912		0.9998394161

																						0.01		0.3098516708		0.9984109392

																						0.1		0.3058650039		0.9855653005

																						0.2		0.3021543858		0.9736600602

																						0.25		0.3004551715		0.9684062136

																						0.5		0.2800511072		0.9469032841

																						1		0.0992549425		0.9174250263

																						2		0.0444042813		0.8811710647

																						5		0.0253362356		0.8262813318

																						10		0.0187625439		0.7817606759

																						100		0.0090103734		0.6273835998

																						1000		0.0049231509		0.4707250199

																						10000		0.0026076689		0.3138330547

																						100000		0.0010883402		0.1569176973

																						1000000		0		0



																						*y = h





Aubertin et al 2003  v1.4

																														Fine Grained

																																						z=		405		cm2		hco=		122910.288430811		cm

																																a=		7.00E-04				e=		1.1				yr=		405483.433282525		cm

																																m=		3.00E-05				WL=		55		%		n=		0.5238095238

																																y (kPa)		q		y (cm)		Cy		sa		sa*		sc

																																0.001		0.5238095238		0.0101936799		0.9999999923		4.0958144883		1		1

																																0.01		0.5238095238		0.1019367992		0.999999923		2.7908741159		1		1

																																0.1		0.5238095238		1.0193679918		0.9999992297		1.9016909806		1		1

																																0.5		0.5238095238		5.0968399592		0.9999961483		1.4544212317		1		1

																																1		0.5238095238		10.1936799185		0.9999922967		1.2957968974		1		1

																																5		0.5238095238		50.9683995923		0.9999614856		0.9910034162		0.9910034162		1

																																10		0.5238095238		101.9367991845		0.999922976		0.8828904696		0.8828904696		1

																																50		0.4940595663		509.6839959225		0.9996150733		0.6750324876		0.6750324876		0.825227534

																																100		0.3887094889		1019.3679918451		0.9992306295		0.6011820698		0.6011820698		0.3532932477

																																200		0.3054427194		2038.7359836901		0.9984631859		0.5352057131		0.5352057131		0.1030826048

																																300		0.2741705422		3058.1039755352		0.9976976595		0.4998628185		0.4998628185		0.0470944214

																																400		0.2567136874		4077.4719673802		0.9969340409		0.4761058439		0.4761058439		0.0266922676

																																500		0.2449575256		5096.8399592253		0.9961723205		0.4583807268		0.4583807268		0.0171069586

																																1000		0.2144124851		10193.6799184506		0.9923918649		0.4068398418		0.4068398418		0.0042030542

																																5000		0.1583188536		50968.3995922528		0.9637184113		0.3021635224		0.3021635224		0.0001168779

																																10000		0.1362747024		101936.799184506		0.931281472		0.2601484508		0.2601484508		0.0000166853

																																50000		0.0839947653		509683.995922528		0.7505624633		0.1603536018		0.1603536018		0.0000000488

																																100000		0.061308509		1019367.99184506		0.6149036522		0.1170435144		0.1170435144		0.0000000031

																																500000		0.0153189951		5096839.95922528		0.2008930949		0.0292453544		0.0292453544		0

																																1000000		0.0000000002		10193679.9184506		0.0000000024		0.0000000003		0.0000000003		0







																														Coarse Grained

																																a=		0.01				D10=		0.01		cm		hco=		70.1451130744		cm

																																m=		0.0666666667				D60=		0.15		cm		yr=		141.1547037301		cm

																																n=		0.3103448276				e=		0.45				Cu=		15



																																y (kPa)		q		y (cm)		Cy		sa		sa*		sc

																																0.001		0.3103448276		0.0101936799		0.9999935451		0.4992544419		0.4992544419		1

																																0.01		0.3103448276		0.1019367992		0.999935472		0.3401705528		0.3401705528		1

																																0.1		0.3103448276		1.0193679918		0.9993568065		0.2316569401		0.2316569401		1

																																0.5		0.3103448276		5.0968399592		0.9968293393		0.1767246581		0.1767246581		1

																																1		0.3103448276		10.1936799185		0.9937673048		0.1569673929		0.1569673929		1

																																5		0.3103448276		50.9683995923		0.9724441011		0.1174737911		0.1174737911		1

																																10		0.3103448276		101.9367991845		0.9514114354		0.1023983852		0.1023983852		1

																																50		0.2599133876		509.6839959225		0.8633819777		0.0710688548		0.0710688548		0.8250663599

																																100		0.1215846978		1019.3679918451		0.8116843455		0.0595267142		0.0595267142		0.3532755324

																																500		0.0169438092		5096.8399592253		0.6769735642		0.0379706514		0.0379706514		0.0172822869

																																1000		0.0108648524		10193.6799184506		0.616228504		0.0307940297		0.0307940297		0.0043488582

																																5000		0.005667511		50968.3995922528		0.4733493596		0.018090815		0.018090815		0.0001743185

																																10000		0.0043619932		101936.799184506		0.4115152332		0.0140123397		0.0140123397		0.0000435825

																																50000		0.0021645268		509683.995922528		0.2677529742		0.0069728551		0.0069728551		0.0000017433

																																100000		0.0014820755		1019367.99184506		0.205807704		0.0047751429		0.0047751429		0.0000004358

																																500000		0.0003412039		5096839.95922528		0.0619564082		0.0010994173		0.0010994173		0.0000000174

																																1000000		0.0000000014		10193679.9184506		0.0000000007		0		0		0.0000000044









Perera et al 2005  v1.4

																				Fine Grained



																						wPI=		21		af=		132.4048942426		bf=		0.5388491878

																						e=		1.1		cf=		0.0587098669		n=		0.5238095238

																						y*(kPa)		q		Ch

																						0.001		0.5237897356		0.9999997369

																						0.01		0.5237403007		0.9999973689

																						0.1		0.5235624285		0.9999736917

																						0.2		0.5234442024		0.9999473887

																						0.25		0.5233947116		0.9999342391

																						0.5		0.5231912363		0.9998685111

																						1		0.5228802994		0.9997371534

		PI> 0																				2		0.5223982694		0.9994748309

																						5		0.5213072212		0.9986909875

		PI>0																				10		0.5198782722		0.9973948718

																						100		0.5040106209		0.9760147472

																						1000		0.4337834563		0.8554724194

																						10000		0.2971195925		0.5994788457

																						100000		0.1467821578		0.3023254559

																						1000000		0		0



																				Coarse Grained														D0=		0.0487950036		mm

																						D60=		1.5		mm   m1=		57.3746786818		m2=		32.0898881204		D10=		0.1		mm       c=		1.1372562571

																						P200=		5		mm       a=		9.0505338444		b=		6.6982322856		D20=		0.25		mm     cf=		0.7712749544

																						e=		0.45		af=		9.8176085826		bf=		2.4695454193		D30=		0.42		mm      n=		0.3103448276

																																		D60=		1.5		mm

																						y*(kPa)		q		Ch								D90=		5		mm

		PI=0																				0.001		0.3103444906		0.9999989143								D100=		7.4690079109		mm

																						0.01		0.3103414547		0.9999891433

																						0.1		0.3103100894		0.9998914818

																						0.2		0.3102716341		0.999783072

																						0.25		0.3102505096		0.9997289076

																						0.5		0.3101203868		0.9994584904

																						1		0.3096978775		0.9989196683

																						2		0.3079671697		0.9978499804

																						5		0.2935977082		0.9947027327

																						10		0.2471098705		0.9896519411

																						100		0.0745594664		0.9247433181

																						1000		0.0350894011		0.7396546552

																						10000		0.0173305849		0.4989250966

																						100000		0.0069567114		0.2498996243

																						1000000		0		0

																						*y = h





Ghanbarian et al 2010  v1.4

														Fine Grained

														Cp=		45		%										qs=		0.5238095238

														e=		1.1				D=		2.9181095057		m=		0.075692036		a=		0.1630988787

														Ks=		0.00001		cm/sec		a1Cp=		3.699		n=		1.0818904943		qr=		0.0772

																y*(kPa)		q

																0.001		0.5238068245

																0.01		0.5237769454

																0.1		0.5234183772

																0.2		0.5229872252

																0.25		0.5227663902

																0.5		0.5216410204

																1		0.5193846803

																2		0.5150889665

																5		0.5043393879

																10		0.4914912652

																100		0.4312577127

																1000		0.3713824372

																10000		0.3208956549

																100000		0.2790214754

																1000000		0.2443389686



														Coarse Grained

														Cp=		1		%		         D=		2.4249778878		m=		0.3650882789		qs=		0.3103448276

														e=		0.45				a1Cp=		0.0822		n=		1.5750221122		a=		1.0142711519

														Ks=		0.001		cm/sec										qr=		0.061



																y*(kPa)		q

																0.001		0.3103430744

																0.01		0.310278966

																0.1		0.3079131794

																0.2		0.3033496467

																0.25		0.3006144942

																0.5		0.2848804399

																1		0.2538051385

																2		0.2106776988

																5		0.1563894423

																10		0.1261878815

																100		0.0785028064

																1000		0.0656579238																Soil Type		qr		qs		n		a 
cm-1		Ks cm/sec		qr		a 
kPa-1				a 
kPa

																10000		0.0622392905																Sand		0.045		0.43		2.68		0.145		8.25E-03		0.045		1.4780835882				0.677

																100000		0.0613297244																Loamy sand		0.057		0.41		2.28		0.124		4.05E-03								0.791

																1000000		0.0610877261																Sandy loam		0.065		0.41		1.89		0.075		1.22E-03		0.061		1.014				1.308

																																		Sandy clay loam		0.1		0.39		1.48		0.059		3.64E-04								1.663

																																		Loam		0.078		0.43		1.56		0.036		2.89E-04								2.725

																*y = h																		Silt loam		0.067		0.45		1.41		0.02		1.25E-04		0.082		0.391				4.905

																																		Clay loam		0.095		0.41		1.31		0.019		7.22E-05								5.163

																																		Silt		0.034		0.46		1.37		0.016		6.94E-05								6.131

																																		Clay		0.068		0.38		1.09		0.008		5.55E-05								12.263

																																		Sandy clay		0.1		0.38		1.23		0.027		3.33E-05								3.633

																																		Silty clay loam		0.089		0.43		1.23		0.01		1.94E-05		0.077		0.163				9.810

																																		Silty clay		0.07		0.36		1.09		0.005		5.55-06		0.070		0.005				19.620





Sleep 2011  v1.4

																								Fine Grained



																										Ks=		1.00E-05		cm/sec

																										e=		1.1		n=		0.5238095238

																										y (kPa)

																										90% wet		ave wet		ave dry		90% dy		q

																										0.001		0.001		0.001		0.001		0.5238095238

																										0.095		0.95		6		70		0.5238095238

																																100000		0.2880952381

																														100000				0.2095238095

																												100000						0.1466666667

																										100000								0.0680952381











																								Coarse Grained

																										Ks=		0.001		cm/sec

																										e=		0.45		n=		0.3103448276



																										y (kPa)

																										90% wet		ave wet		ave dry		90% dy		q

																										0.001		0.001		0.001		0.001		0.3103448276

																										0.12		0.82		4		30		0.3103448276

																																130		0.1706896552

																														45				0.124137931

																												12						0.0868965517

																										3								0.0403448276

																										3.5		25		150		800		0.0310344828

																										1000000		1000000		1000000		1000000		0
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Benson et al_2014  v1.4

																																																drying a=		0.1661302574		1/kPa

																																		Coarse Grained														drying n=		2

																																				D60=		1.5		mm         cu=		100		qs=		0.3103448276		m=		0.5

																																				e=		0.45						qr=		0.04		wetting a=		0.2461692216		1/kPa

																																				D10=		0.1		mm								wetting n=		2

																																				drying						wetting						m=		0.5

																																				y (kPa)		q				y (kPa)		q

																																				0.001		0.3103448239		1.0000000138		0.001		0.3103448194		1.0000000303

																																				0.01		0.3103444545		1.00000138		0.01		0.3103440085		1.00000303

																																				0.1		0.3103075287		1.0001379868		0.1		0.3102629513		1.0003029505

																																				0.2		0.3101957247		1.000551833		0.2		0.310017768		1.0012112521

																																				0.25		0.3101119626		1.0008621053		0.25		0.3098343178		1.001891938

																																				0.5		0.3094169617		1.0034439773		0.5		0.308319968		1.0075464364

																																				1		0.306689657		1.013705708		1		0.3025079132		1.0298540118

																																				2		0.2965540738		1.0537537899		2		0.2825424962		1.1146287017

																																				5		0.2479586942		1.2999929079		5		0.2104710405		1.5858695222

																																				10		0.179421067		1.9390529242		10		0.1417461328		2.6570526087

																																				100		0.0562436627		16.6430953935		100		0.0509730226		24.6372250166

																																				1000		0.0416272769		166.133267071		1000		0.0410981982		246.1712526922

																																				10000		0.0401627306		1661.3028750863		10000		0.0401098207		2461.6924188866

																																				100000		0.0400162731		16613.0257712733		100000		0.0400109821		24616.9221780544

																																				1000000		0.0400016273		166130.257414774		1000000		0.0400010982		246169.221579463
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